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In a recent paper [Ghasemi-Nodehi & Bambi, EPJC 76 (2016) 290], we have proposed a new
parametrization for testing the Kerr nature of astrophysical black hole candidates. In the present
work, we study the possibility of constraining the “Kerr parameters” of our proposal using X-
ray reflection spectroscopy, the so-called iron line method. We simulate observations with the
LAD instrument on board of the future eXTP mission assuming an exposure time of 200 ks. We
fit the simulated data to see if the Kerr parameters can be constrained. If we have the correct
astrophysical model, 200 ks observations with LAD/eXTP can constrain all the Kerr parameters with
the exception of b11, whose impact on the iron line profile is extremely weak and its measurement
looks very challenging.
PACS numbers: 04.70.-s, 97.60.Lf, 97.80.Jp
I. INTRODUCTION
In 4-dimensional general relativity, the only stationary,
axisymmetric, and asymptotically flat solution of the vac-
uum Einstein equations without spacetime singularities
or closed time-like curves on or outside the event horizon
is the Kerr metric [1, 2]. It is remarkable that the space-
time metric around astrophysical black holes formed from
gravitational collapse should be well approximated by the
Kerr solution. After the formation of the black hole, ini-
tial deviations from the Kerr metric are quickly radiated
away by the emission of gravitational waves [3]. The equi-
librium electric charge is soon reached, because of the
highly ionized host environment around these objects,
and its value cannot appreciably change the background
metric [4–6]. The presence of an accretion disk is nor-
mally negligible, because the mass of the disk is several
orders of magnitude smaller than the mass of its black
hole, and its impact on the background metric can be
ignored [7, 8].
The metric around astrophysical black holes may devi-
ate from the Kerr metric in the presence of new physics.
Such a possibility is predicted in a number of different
scenarios, ranging from alternative theories of gravity [9]
to the existence of exotic matter fields [10] or macro-
scopic quantum gravity effects [11, 12]. Recently, there
has been a lot of work to study how to test the nature of
astrophysical black holes and confirm the Kerr black hole
hypothesis, with either electromagnetic radiation or grav-
itational waves; see, for instance, the recent reviews [13–
17]. The “strategy” to perform model-independent tests
is to consider a spacetime more general than the Kerr
solution and that includes the Kerr solution as a special
case. Theoretical predictions are calculated in this gen-
eral spacetime and then compared to observations to see
if it is possible to constrain the spacetime metric around
∗ Corresponding author: bambi@fudan.edu.cn
astrophysical black holes. There are several parametrized
metrics in the literature, each of these with its advantages
and disadvantages [18–24].
In Ref. [25], we proposed a new parametrization based
on a number of “Kerr parameters”, which are all 1 in the
case of the Kerr metric and may be different from 1 in
the presence of deviations from the predictions of general
relativity. In the same paper, we studied the impact of
these parameters on the shape of the apparent photon
capture sphere, a measurement that might be possible
in the near future, for instance with sub-mm very-long
baseline interferometry facilities. Without a quantitative
analysis, we found that the Kerr parameters b4, b5, b7,
and b11 have a very weak impact on the shape of the
apparent photon capture sphere, and presumably it will
be very difficult to constrain their values. The other Kerr
parameters can at least produce some clear effect on the
shape of the apparent photon capture sphere, even if this
does not necessarily mean that it can be done with near
future facilities.
In the present paper, we study the impact of the Kerr
parameters on the shape of the iron line in the reflection
spectrum. We want to understand whether it is possi-
ble to constrain the Kerr parameters via X-ray reflection
spectroscopy. We simulate observations of a bright black
hole binary with the LAD instrument on board of eXTP,
a China-Europe X-ray mission which is currently sched-
uled to be launched in 2022. We assume an exposure
time of 200 ks in all our simulations. Our results are
quite promising. We find that all the Kerr parameters –
with the exception of b11 – can be potentially constrained
using X-ray reflection spectroscopy. b11 can unlikely be
measured with this technique. b5 and b8 are more diffi-
cult to measure, so the resulting constraints are weaker
or we need observations with a longer exposure time.
The content of the paper is as follows. In Section II, we
briefly review the parametrization proposed in Ref. [25].
In Section III, we study the iron Kα lines expected in
the reflection spectrum of accretion disks in our non-Kerr
spacetimes. In Section IV, we simulate 200 ks observa-
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2tions with LAD/eXTP. We fit the simulated observations
with Kerr models to see whether it is possible to test the
Kerr parameters of our parametrization. A summary and
conclusions are in Section V. In the next sections, we will
employ natural units in which GN = c = 1 and adopt a
metric with the signature (−+ ++).
II. PARAMETERIZATION OF THE KERR
METRIC
In the past 60 years, Solar System experiments have
tested the Schwarzschild solution in the weak field limit.
In the Parametrized Post-Newtonian (PPN) formalism,
we write the most general static, spherically symmetric,
and asymptotically flat metric as an expansion of M/r.
In the so-called isotropic coordinates, the line element
reads
ds2 = −
(
1− 2M
r
+ β
2M2
r2
+ ...
)
dt2
+
(
1 + γ
2M
r
+ ...
)(
dx2 + dy2 + dz2
)
. (1)
The term 2M/r in gtt is to recover the correct Newtonian
limit, while the coefficients β and γ are introduced to pa-
rameterize our ignorance. From the comparison of the-
oretical predictions and observational data, we measure
β and γ. In general relativity, the only static and spher-
ically symmetric solution of the vacuum Einstein equa-
tion is the Schwarzschild metric and, when it is written
in isotropic coordinates, we see that β = γ = 1. Current
measurements constrain β and γ to be 1 with a precision,
respectively, of the order of 10−4 and 10−5 [26]. This con-
firms the Schwarzschild solution in the weak field limit
within the precision of current observations.
A similar strategy may be employed to test the Kerr
metric in the strong gravity region of astrophysical black
holes. However, this is not so easy. Now it is not possi-
ble to perform an expansion in M/r, because this is not
a small parameter any longer. This leads to having an
infinite number of possible deviations from the Kerr met-
ric, and there is not a model-independent way to have a
hierarchical structure of the deformations of the metric.
Different authors have proposed different parametrized
metrics, see [18–24].
In Ref. [25], we have put forward the following
parametrization with 11 Kerr parameters bi
ds2 = −
(
1− 2b1Mr
r2 + b2a2 cos2 θ
)
dt2
− 4b3Mar sin
2 θ
r2 + b4a2 cos2 θ
dtdφ+
r2 + b5a
2 cos2 θ
r2 − 2b6Mr + b7a2 dr
2
+
(
r2 + b8a
2 cos2 θ
)
dθ2
+
(
r2 + b9a
2 +
2b10Ma
2r sin2 θ
r2 + b11a2 cos2 θ
)
sin2 θdφ2 . (2)
The line element of the Kerr metric is recovered when
bi = 1 for all i. Let us note that the metric in Eq. (2)
does not have 13 independent parameters (11 bis, M , and
a), because two of them are redundant. Without the loss
of generality, we can set b1 = 1 (the mass measured at
large distances is b1M , while M cannot be determined)
and b3 = 1 (if b1 = 1, the angular momentum measured
at large distances due to frame-dragging is b3Ma while,
again, a cannot be measured). The number of free pa-
rameters is thus 11. However, Solar System experiments
already constrain b6 to be very close to 1. In the rest of
the paper, we set b1 = b3 = b6 = 1, and we allow only
that the other eight Kerr parameters can be different
from 1.
III. X-RAY REFLECTION SPECTROSCOPY
Let us consider a black hole accreting from a geometri-
cally thin and optically thick accretion disk. Within the
Novikov-Thorne model [7], the disk is on the equatorial
plane, orthogonal to the black hole spin. The particles
of the gas in the disk follow nearly geodesic equatorial
circular orbits. The inner edge of the disk is at the in-
nermost stable circular orbit (ISCO), and the electro-
magnetic radiation emitted by the gas inside the disk is
usually neglected. More details on the assumptions and
the validity of the Novikov-Thorne model can be found,
for instance, in Ref. [14].
A Novikov-Thorne accretion disk emits as a black-
body locally, and as a multi-color blackbody when in-
tegrated radially. The so-called corona is a hotter, usu-
ally optically-thin, electron cloud enshrouding the accre-
tion disk. Its exact geometry is unknown. The thermal
photons from the accretion disk can interact with the
hot electrons in the corona. Because of inverse-Compton
scattering, the corona becomes an X-ray source with a
power-law spectrum. Some of these photons can illumi-
nate the accretion disk, producing a reflection component
with some fluorescence emission lines. The most promi-
nent line is usually the iron Kα line, which is at 6.4 keV
in the case of neutral iron, and it can shift up to 6.97 keV
in the case of H-like iron ions.
The iron Kα line is very narrow in the rest-frame of the
emitter, while the one observed in the spectrum of astro-
physical black holes can be very broad and skewed, as a
result of special and general relativistic effects (Doppler
boosting, gravitational redshift, light bending) occurring
in the strong gravity region of the compact object. If
properly understood, a precise measurement of the shape
of a broad iron line in the spectrum of an astrophysical
black hole can be a powerful tool to probe its strong
gravity region. As a matter of fact, one should fit the
whole reflection spectrum, but the iron Kα line is the
most prominent feature and encodes most of the infor-
mation on the background metric of the strong gravity
region. For this reason, the technique is sometimes called
the iron line method.
The study of the shape of the iron line was originally
develop to measure black hole spins under the assump-
3tion that the metric around black holes is described by
the Kerr solution [27]. More recently, there have been
studies to use this technique to test the nature of astro-
physical black holes and verify the Kerr black hole hy-
pothesis [28–39]. In the presence of high quality data and
assuming to have the correct astrophysical model, the
iron line method promises to provide superb constraints
on possible deviations from the Kerr solution [40–42].
The calculations of the iron line profile in the reflection
spectrum of astrophysical black holes have been already
extensively discussed in the literature, see [31, 38] and
references therein. Here we employ the code described
in Refs. [31, 43] with the metric in Eq. (2). Generally
speaking, the exact shape of the iron line is determined
by the background metric, the inclination angle of the
disk with respect to the line of sight of the observer, the
geometry of the emitting region (i.e. the inner and the
outer edges of the accretion disk, but here the inner edge
is at the ISCO radius and the outer edge is large enough
that its exact value is not important), and the intensity
profile. The latter may be modeled as a simple power-
law, say Ie ∝ 1/rqe , where Ie is the local intensity, re is
the emission radius in the disk, and q is the emissivity
index. A more sophisticated, but still phenomenological,
model is to assume a broken power-law: Ie ∝ 1/rq1e for
re < rb and Ie ∝ 1/rq2e for re > rb, and we have three
parameters, namely q1, q2, and the breaking radius rb.
Figs. 1 and 2 show the iron lines expected in the family
of spacetimes described by Eq. (2). In all plots, the spin
parameter is a∗ = 0.8 and the inclination angle of the disk
with respect to the line of sight of the observer is i = 55◦.
The emissivity profile is assumed to be Ie ∝ 1/r3e , which
corresponds to the Newtonian limit at larger radii in the
lamppost corona geometry. From these plots, without a
qualitative analysis, we see that the impact of b11 on the
iron line shape is very weak, and it is thus presumably
difficult to measure its value. It seems that all the lines
overlap in the plot. For the Kerr parameters b4 and b8,
the impact on the iron line is still weak, but there are
some differences if we change their value. b2, b5, b7, b9,
and b10 seem to be able to produce stronger effects. In
the next section, we will perform a simple quantitative
analysis with some simulations.
IV. SIMULATIONS
In this section we want to understand if the analysis
of the reflection spectrum of a black hole can potentially
constrain the Kerr parameters b2, b4, b5, b7, b8, b9, b10,
and b11. Our analysis is similar to those presented in
Refs. [44–46].
We simulate observations of a bright black hole binary.
The reference spectrum is a power-law with photon in-
dex Γ = 2, which describes the direct component from
the corona, plus a single iron Kα line, describing the re-
flection spectrum. The iron line is computed with our
code and we allow that one of the Kerr parameters is
different from 1. In all the simulations, the equivalent
width of the iron line is about 200 eV, and the photon
flux in the range 2-10 keV is about 2.6 · 10−9 erg/cm2/s,
which corresponds to the photon flux of a bright black
hole binary. The observations are simulated with the
LAD instrument, on board of the X-ray mission eXTP,
which is currently scheduled to be launched in 2022 [47].
The exposure time is 200 ks.
We use Xspec1 with the redistribution matrix, ancil-
lary, and background files of LAD/eXTP following the
forward-folding approach common in X-ray astronomy.
The actual spectrum measured by an instrument is given
as a photon count per spectral bin and can be written as
C(h) = τ
∫
R(h,E)A(E) s(E) dE , (3)
where h is the spectral channel, τ is the exposure time,
E is the photon energy, R(h,E) is the redistribution ma-
trix (essentially the response of the instrument), A(E) is
the effective area (say the efficiency of the instrument,
which is given in the ancillary file), and s(E) is the in-
trinsic spectrum of the source. In general, the redistri-
bution matrix cannot be inverted, and for this reason
we have to deal with C(h) (folded spectrum). With the
forward-folding approach, we consider a set of parame-
ter values for the intrinsic spectrum, we find C(h), we
compare the “observed spectrum” with the folded spec-
trum with some goodness-of-fit statistical test (e.g. χ2),
and we repeat all these steps to find “the best fit” by
changing the input parameters in the theoretical model.
In our case, the observed spectrum is not from real data
but from a simulation. It is obtained assuming a certain
intrinsic spectrum s(E) and including the background in
Eq. (3). The latter includes the noises of the instrument
and of the environment (e.g. photons not from the target
source or cosmic rays). The observational error has also
the intrinsic noise of the source (Poisson noise) due to
the fact the spectrum is as a photon count per bin and is
not a continuous quantity. Thanks to the unprecedented
large effective area of LAD/eXTP, which will be about
35,000 cm2 at 6 keV, the Poisson noise is very low in our
case.
These simulated observations are fitted with a Kerr
model. We use Xspec and fit the simulated data with a
power-law and a Kerr iron line. The latter is modeled
with RELLINE [48]. We have eight free parameters: the
photon index of the power-law Γ, the normalization of the
power-law component, the spin of the black hole a∗, the
viewing angle i, the two indices q1 and q2 of the broken
power-law of the emissivity profile, the breaking radius
rb, and the normalization of the iron line.
The fit of a simulated observation of a Kerr black hole
(i.e. bi = 1 for all i) is shown in Fig. 3. The Kerr black
hole has the spin parameter a∗ = 0.8, the viewing angle
1 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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FIG. 1. Impact of the parameters b2 (top left panel), b4 (top right panel), b5 (central left panel), b7 (central right panel), b8
(bottom left panel), and b9 (bottom right panel) on the shape of the iron line. The flux of the photon number is in arbitrary
units. See the text for more details.
is i = 55◦, and the intensity profile of the reflection spec-
trum is modeled with a simple power-law whose emissiv-
ity index is q = 3. The fit is good, as it should be because
both the simulation and the fit assume the Kerr metric,
but it is a necessary check because the simulations are
done with our code and the fit is done with RELLINE.
Figs. 4 and 5 show the fits of the simulated observa-
tions in which one of the bi is different from 1. As in the
previous simulation, a∗ = 0.8, i = 55◦, and Ie ∝ 1/r3e . In
every figure, the top panel is the folded spectrum and the
bottom panel is the ratio between the simulated data and
the best fit. From the latter, it is possible to say whether
a fit is good or bad. If there are clear unresolved features,
the model used to fit the data is not adequate. In our
case, it means that an iron line of a Kerr spacetime can-
not provide a good fit, and therefore we can constrain the
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FIG. 2. As in Fig. 1 for the parameters b10 (left panel) and b11 (right panel).
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FIG. 3. Folded spectrum (top panel) and ratio between the simulated data and the best fit (bottom panel) For the simulation
of a Kerr black hole with spin parameter a∗ = 0.8 and observed from a viewing angle i = 55◦. The minimum of the reduced
χ2 is about 0.99. See the text for more details.
Kerr parameter. The reduced χ2 of the best fit may also
be used to evaluate the quality of a fit, but, in general,
it depends on the specific simulation.
Figs. 4 and 5 are for b2, b4, b5, b7, b8, b9, b10, and b11.
In every figure, the Kerr parameter under investigation
has the value 1.2 (5 for b11) and all the other parameters
are set to 1. There are clear unresolved features in the
ratio panels for b2, b4, b7, b9, and b10. This means that
a 200 ks observation of a bright black hole binary with
LAD/eXTP can confirm whether these parameters are 1
at the level of 20% or better. In the case of b5 and b8, the
fit is not too bad. There are not clear unresolved features
in the ratio between the simulated data and the best fit.
The minimum of the reduced χ2 is also acceptable. We
have checked that the fit gets worse if either we increase
the value of these Kerr parameter or we consider a longer
exposure time. In other words, even b5 and b8 can be con-
strained by LAD/eXTP, but the constraints are weaker
than those on the other Kerr parameters. From the iron
lines in Figs. 1 and 2, without a quantitative analysis,
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FIG. 4. Top left panel: As in Fig. 3 for a background metric with b2 = 1.2 and all other Kerr parameters set to 1. The
minimum of the reduced χ2 is about 1.63. Top right panel: As in Fig. 3 for a background metric with b4 = 1.2 and all other
Kerr parameters set to 1. The minimum of the reduced χ2 is about 2.16. Bottom left panel: As in Fig. 3 for a background
metric with b5 = 1.2 and all other Kerr parameters set to 1. The minimum of the reduced χ
2 is about 1.16. Bottom right
panel: As in Fig. 3 for a background metric with b7 = 1.2 and all other Kerr parameters set to 1. The minimum of the reduced
χ2 is about 1.90. See the text for more details.
we had seen that variations of the values of b2, b5, b7, b9,
and b10 could produce larger differences in the iron line
than variations of the values of b4 and b8, but in those
plots all other parameters were fixed. In Figs. 4 and 5,
we fit the simulations with eight free parameters (Γ, the
normalization of the power-law component, a∗, i, q1, q2,
rb, and the normalization of the iron line) and therefore
we can figure out possible correlations in their estimate.
We find that b5 and b8 are more difficult to constrain
than b2, b4, b7, b9, and b10.
A special case is the parameter b11. From the right
panel in Fig. 2, we do not see any appreciable variation
in the iron line by changing the value of b11. The fit of the
simulated observation in the bottom left panel in Fig. 5
confirms that b11 has a very weak impact on the iron line
and is very difficult to constrain from observations. In
this simulation b11 = 5. Despite such a large deviation
from the Kerr value, the fit is good. We thus conclude
that b11 may not be constrained with the analysis of the
reflection spectrum.
V. SUMMARY AND CONCLUSIONS
In Ref. [25], we have proposed a new parametrization
to test the metric around astrophysical black holes. It is
widely believed that the spacetime geometry around as-
trophysical black holes is well approximated by the Kerr
metric of general relativity, but macroscopic deviations
may be possible in the presence of new physics. In our
proposal, we have a number of Kerr parameters. They
are all 1 in the Kerr case, and may be different from 1 in
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FIG. 5. Top left panel: As in Fig. 3 for a background metric with b8 = 1.2 and all other Kerr parameters set to 1. The
minimum of the reduced χ2 is about 1.17. Top right panel: As in Fig. 3 for a background metric with b9 = 1.2 and all other
Kerr parameters set to 1. The minimum of the reduced χ2 is about 2.19. Bottom left panel: As in Fig. 3 for a background
metric with b10 = 1.2 and all other Kerr parameters set to 1. The minimum of the reduced χ
2 is about 2.57. Bottom right
panel: As in Fig. 3 for a background metric with b11 = 5 and all other Kerr parameters set to 1. The minimum of the reduced
χ2 is about 1.06. See the text for more details.
the presence of new physics.
In Ref. [25], we had considered the possibility of con-
straining the Kerr parameters from an accurate obser-
vation of the apparent photon capture sphere, a kind
of measurement that may be possible in the near future
but on which there are currently many uncertainties. We
found that the parameters b4, b5, b7, and b11 have a very
weak impact on the shape of the apparent photon cap-
ture sphere, and this suggests that it is very challenging
to constrain their value from a putative accurate detec-
tion of the apparent photon capture sphere of a black
hole.
In the present paper, we have studied the possibility of
constraining the values of these Kerr parameters via the
X-ray reflection spectroscopy. We have simulated 200 ks
observations with LAD/eXTP, assuming that the Kerr
parameters may have a value different from 1. We have
fitted these simulations with Kerr models to see whether
it is possible to find a good fit. If the fit is good, the
impact of the Kerr parameter under study is too weak
and it cannot produce appreciable deviations from an
iron line in the Kerr spacetime. If the fit is bad, the data
cannot be fitted with an iron line in a Kerr spacetime and
therefore it is possible to constrain the Kerr parameter.
Our results look quite promising, in the sense that all
the Kerr parameters – with the remarkable exception of
b11 – produce noticeable effects in the shape of the iron
line profile and can thus be tested by a 200 ks observa-
tion with LAD/eXTP. In the case of b2, b4, b7, b9, and
b10, Kerr models cannot provide a good fit already if one
of these parameters is 1.2. For b5 and b8 equal to 1.2, a
200 ks observation with LAD/eXTP is marginally con-
8sistent with a Kerr model, but we find that the fit is not
acceptable as the value of the Kerr parameter increases.
ACKNOWLEDGMENTS
M.G.-N. thanks the School of Astronomy at the In-
stitute for Research in Fundamental Sciences (IPM),
Tehran, Iran, where most of this work was done. M.G.-
N. and C.B. were supported by the NSFC (grants
11305038 and U1531117) and the Thousand Young
Talents Program. M.G.-N. also acknowledges sup-
port from the China Scholarship Council (CSC), grant
No. 2014GXZY08. C.B. also acknowledges support from
the Alexander von Humboldt Foundation.
[1] B. Carter, Phys. Rev. Lett. 26, 331 (1971).
[2] D. C. Robinson, Phys. Rev. Lett. 34, 905 (1975).
[3] R. H. Price, Phys. Rev. D 5, 2419 (1972).
[4] Ya. B. Zeldovich and I. D. Novikov, Relativistic Astro-
physics. Volume 1: Stars and Relativity (Chicago Uni-
versity Press, Chicago, Illinois, 1971).
[5] D. M. Eardley and W. H. Press, Astrophysical pro-
cesses near black holes (Orange Aid Preprint/Caltech,
Pasadena, California, 1974).
[6] C. Bambi, A. D. Dolgov and A. A. Petrov, JCAP 0909,
013 (2009) [arXiv:0806.3440 [astro-ph]].
[7] I. D. Novikov and K. S. Thorne, Astrophysics of Black
Holes, in Black Holes, edited by C. De Witt and
B. De Witt (Gordon and Breach, New York, US, 1973).
[8] C. Bambi, D. Malafarina and N. Tsukamoto, Phys. Rev.
D 89, 127302 (2014) [arXiv:1406.2181 [gr-qc]].
[9] E. Berti et al., Class. Quant. Grav. 32, 243001 (2015)
[arXiv:1501.07274 [gr-qc]].
[10] C. A. R. Herdeiro and E. Radu, Phys. Rev. Lett. 112,
221101 (2014) [arXiv:1403.2757 [gr-qc]].
[11] G. Dvali and C. Gomez, Fortsch. Phys. 61, 742 (2013)
[arXiv:1112.3359 [hep-th]].
[12] S. B. Giddings, Phys. Rev. D 90, 124033 (2014)
[arXiv:1406.7001 [hep-th]].
[13] C. Bambi, arXiv:1509.03884 [gr-qc].
[14] C. Bambi, J. Jiang and J. F. Steiner, Class. Quant. Grav.
33, 064001 (2016) [arXiv:1511.07587 [gr-qc]].
[15] K. Yagi and L. C. Stein, Class. Quant. Grav. 33, 054001
(2016) [arXiv:1602.02413 [gr-qc]].
[16] T. Johannsen, Class. Quant. Grav. 33, 124001 (2016)
[arXiv:1602.07694 [astro-ph.HE]].
[17] V. Cardoso and L. Gualtieri, Class. Quant. Grav. 33,
174001 (2016) [arXiv:1607.03133 [gr-qc]].
[18] K. Glampedakis and S. Babak, Class. Quant. Grav. 23,
4167 (2006) [gr-qc/0510057].
[19] S. Vigeland, N. Yunes and L. Stein, Phys. Rev. D 83,
104027 (2011) [arXiv:1102.3706 [gr-qc]].
[20] T. Johannsen and D. Psaltis, Phys. Rev. D 83, 124015
(2011) [arXiv:1105.3191 [gr-qc]].
[21] V. Cardoso, P. Pani and J. Rico, Phys. Rev. D 89, 064007
(2014) [arXiv:1401.0528 [gr-qc]].
[22] T. Johannsen, Phys. Rev. D 88, 044002 (2013)
[arXiv:1501.02809 [gr-qc]].
[23] N. Lin, N. Tsukamoto, M. Ghasemi-Nodehi and
C. Bambi, Eur. Phys. J. C 75, 599 (2015)
[arXiv:1512.00724 [gr-qc]].
[24] R. Konoplya, L. Rezzolla and A. Zhidenko, Phys. Rev.
D 93, 064015 (2016) [arXiv:1602.02378 [gr-qc]].
[25] M. Ghasemi-Nodehi and C. Bambi, Eur. Phys. J. C 76,
290 (2016) [arXiv:1604.07032 [gr-qc]].
[26] C. M. Will, Living Rev. Rel. 17, 4 (2014)
[arXiv:1403.7377 [gr-qc]].
[27] L. W. Brenneman and C. S. Reynolds, Astrophys. J. 652,
1028 (2006) [astro-ph/0608502].
[28] Y. Lu and D. F. Torres, Int. J. Mod. Phys. D 12, 63
(2003) [astro-ph/0205418].
[29] J. Schee and Z. Stuchl´ık, Gen. Rel. Grav. 41, 1795 (2009)
[arXiv:0812.3017 [astro-ph]].
[30] T. Johannsen and D. Psaltis, Astrophys. J. 773, 57
(2013) [arXiv:1202.6069 [astro-ph.HE]].
[31] C. Bambi, Phys. Rev. D 87, 023007 (2013)
[arXiv:1211.2513 [gr-qc]].
[32] C. Bambi, Phys. Rev. D 87, 084039 (2013)
[arXiv:1303.0624 [gr-qc]].
[33] J. Schee and Z. Stuchl´ık, JCAP 1304, 005 (2013).
[34] C. Bambi and D. Malafarina, Phys. Rev. D 88, 064022
(2013) [arXiv:1307.2106 [gr-qc]].
[35] Z. Stuchl´ık and J. Schee, Class. Quant. Grav. 31, 195013
(2014) [arXiv:1402.2891 [astro-ph.HE]].
[36] J. Jiang, C. Bambi and J. F. Steiner, JCAP 1505, 025
(2015) [arXiv:1406.5677 [gr-qc]].
[37] J. Schee and Z. Stuchl´ık, Class. Quant. Grav. 33, 085004
(2016) [arXiv:1604.00632 [gr-qc]].
[38] C. Bambi, A. Cardenas-Avendano, T. Dauser, J. A. Gar-
cia and S. Nampalliwar, arXiv:1607.00596 [gr-qc].
[39] Y. Ni, J. Jiang and C. Bambi, JCAP 1609, 014 (2016)
[arXiv:1607.04893 [gr-qc]].
[40] J. Jiang, C. Bambi and J. F. Steiner, Astrophys. J. 811,
130 (2015) [arXiv:1504.01970 [gr-qc]].
[41] J. Jiang, C. Bambi and J. F. Steiner, Phys. Rev. D 93,
123008 (2016) [arXiv:1601.00838 [gr-qc]].
[42] A. Cardenas-Avendano, J. Jiang and C. Bambi, Phys.
Lett. B 760, 254 (2016) [arXiv:1603.04720 [gr-qc]].
[43] C. Bambi, Astrophys. J. 761, 174 (2012)
[arXiv:1210.5679 [gr-qc]].
[44] M. Zhou, A. Cardenas-Avendano, C. Bambi, B. Klei-
haus and J. Kunz, Phys. Rev. D 94, 024036 (2016)
[arXiv:1603.07448 [gr-qc]].
[45] Y. Ni, M. Zhou, A. Cardenas-Avendano, C. Bambi,
C. A. R. Herdeiro and E. Radu, JCAP 1607, 049 (2016)
[arXiv:1606.04654 [gr-qc]].
[46] Z. Cao, A. Cardenas-Avendano, M. Zhou, C. Bambi,
C. A. R. Herdeiro and E. Radu, JCAP 1610, 003 (2016)
[arXiv:1609.00901 [gr-qc]].
9[47] S. N. Zhang, et al., arXiv:1607.08823 [astro-ph.IM].
[48] T. Dauser, J. Wilms, C. S. Reynolds and L. W. Bren-
neman, Mon. Not. Roy. Astron. Soc. 409, 1534 (2010)
[arXiv:1007.4937 [astro-ph.HE]].
